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ABSTRACT 
Composites of Linear Low Density Polyethylene (LLDPE) and  Graphene Nanoplatelets (GNPs)  
were processed using a twin screw extruder under different extrusion conditions. The effects of 
screw speed, feeder speed and GNP content on the electrical, thermal and mechanical properties of 
composites were investigated.  The inclusion of GNPs in the matrix  improved the thermal stability 
and conductivity by 2.7% and  43%, respectively. The electrical conductivity  improved from 10-
11 to 10-5 S/m at 150 rpm due to the high thermal stability of the GNPs and the formation of 
phonon and charge carrier networks in the polymer matrix. Higher extruder speeds result in a 
better distribution of the GNPs in the matrix and a significant increase in thermal stability and 
thermal conductivity. However, this effect is not significant for the electrical conductivity and 
tensile strength. The addition of GNPs increased the viscosity of the polymer, which will lead to 
higher processing power requirements. Increasing the extruder speed led to a reduction in 
viscosity, which is due to thermal degradation and/or chain scission. Thus, while high speeds result 
in better dispersions, the speed needs to be optimized to prevent detrimental impacts on the 
properties. 
Keywords : Melt Processing; Graphene Nanoplatelets; Mechanical Properties; Electrical Properties 
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1. Introduction 
Graphene which is a two-dimensional, single-layer of sp2 hybridized carbon atoms, has attracted 
researchers due to its excellent properties, such as high electrical conductivity, high thermal 
stability and high mechanical strength. These excellent properties along with its simple  
manufacture and functionalization makes graphene an ideal to be added in different functional 
materials. Graphene and graphene based materials have already been used in many  applications 
such as electronic and electrical field [1-2].  
 Industrial and academic are highly interested in graphene and graphene polymer nano composites 
[3].  Graphene has a higher surface-to-volume ratio compared to carbon nanotubes (CNTs) as the 
inner surface of the nanotubes is not accessible to the polymer molecules  [4-5], which makes 
graphene more favorable than CNTs for optimizing the required function or application such as the 
modification in the  electrical, thermal, mechanical and microwave absorption properties. Another 
advantage is that graphene has lower cost [4-6] choice compared to CNTs because it can be easily 
made from graphite in large quantities [5]. In the literature, researchers have used various 
polymers as matrices to  prepare the required modified graphene/polymer composites [5], the 
mechanical, electrical [7-9], thermal [9], and various other properties [10] have been extensively 
investigated.  
Many methods described in literature about the preparation of graphene such as exfoliation of the 
graphite by micromechanical methods, chemical methods  [4-5] or chemical vapor deposition. 
Rouff and coworkers  [11,12] synthesized graphene from graphite.  The reduction of the GO was 
performed using hydrazine hydrate (chemical method). Single sheets of graphene were prepared 
via oxidation and thermal expansion of graphite [13].  The synthesis of graphene films with 
thicknesses of a few layers via CVD was reported by Somani et al. [14], where camphor was used 
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as the precursor on Ni foils.  Graphene was prepared via the exfoliation of graphite in aromatic 
solutions. Grandthys et al. [15] induced the epitaxial growth of graphene on a transition metal 
using chemical vapor deposition and liquid phase deposition. A high yield of graphene was 
produced via the liquid-phase exfoliation of graphite [16].  
Graphene nanoplatelets (GNPs) are platelet-like graphite nanocrystals containing multiple 
graphene layers.  Maximum  stress transfer from the polymer to the filler is achieved with  the high 
interaction zone between the polymer and the filler which can increase  the mechanical properties 
of the composites.  Due to the ultra-high aspect ratio (600–10,000), properties of GNPs can have 
better filler than other fillers in polymer composites. The planar structure of the GNPs provides a 
2D path for phonon transport, which provides a large surface contact area with the polymer matrix, 
which can increase the thermal conductivity of the composite [17]. Common techniques to produce 
GNPs include chemical reduction of homogeneous colloidal suspension of single layered graphene 
oxide  [18] and by exfoliation of natural graphite flakes by oxidation reaction [19]. Some of 
researchers prepared GNPs from natural graphite via exfoliation and intercaltion with tetra alkyl 
ammonium bromide [20]. Others such as Cameron Derry et. Al.  [21] prepared the GNPs by 
electric heating acid method. 
The aggregation and stacking of graphene nanoplateltes limited the performance of graphene 
polymer nanocomposites. Because the aggregated GNPs properties can be similar to the graphite 
with its limited specific surface area.  The performance of GNPs can be reduced due to 
aggregation, which should be addressed as an issue if the potential of GNPs as reinforcing agents 
is to be realized . Therefore, the objective of this current research is to determine how 
compounding conditions can influence dispersion and subsequent composite properties. 
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Linear Low Density Polyethylene (LLDPE) was chosen as the matrix material in this research due 
to its significant commercial importance. LLDPE has grown most rapidly within the PE 
(polyethylene)  family due to its good balance of mechanical properties and processability 
compared to other types of PE [22]. Electrically conductive PE based composite materials can  be 
used as electromagnetic-reflective materials, as well as in high voltage cables.    
As stated earlier, it is important to achieve good dispersion of a filler material to realize 
enhancement of the mechanical properties. What is not so clear is how the dispersion state 
influences the electrical conductivity, and the optimum dispersion state is currently being debated 
in the literature.   
This work attempts to advance knowledge in the area of melt-processed GNP polymer composites 
by investigating the influence of the compounding conditions on the electrical, thermal and 
mechanical properties of the GNP/LLDPE composites.   
2. Experimental  
2.1. Materials 
2.1.1. Polymer Matrix               
LLDPE (MFI=1 g/cm3)  in powder form was kindly supplied by Qatar Petrochemical Company 
(QAPCO), Qatar.   Prior to the melt processing, 0.4 g  of phenolic stabilizer was added for each 1 
kg of LLDPE to protect it from degradation during the high temperature processing. 
2.1.2. Filler 
Graphene nanoplatelets of grade C (C-GNPs) were purchased from XG sciences.  Grade C 
particles have diameter of less than 2 microns. They consist of aggregates of sub-micron platelets. 
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Particle thickness of C-GNPs is 1-5 nano meters which  depends on the surface area.  Average 
Surface area of Grade C particles is 500 m2/g.  
2.2. Preparation of LLDPE/graphene nano composites pellets 
LLDPE composites reinforced with 1,2,4,6,8 and 10 wt% ‘C’ grade graphene were processed 
using a five-stage Brabender twin screw extruder with three different screw/feeder speeds as 
shown in Figure 1. The temperatures of the processing zones were in the range of 190-230°C.  The 
processing zone temperatures were chosen according to previous reports [23]. Table 1  lists the 
experimental sets that were executed The polymer/C-GNPs mixtures were fed into the hopper and 
extruded into strands, which were then cooled in water and granulated into pellets. Figure 1 shows 
a schematic diagram of the twin screw extruder. The extruded pellets were subsequently hot 
pressed into plaques via compression molding. They were held for 20 minutes in the press at a 
temperature of 170°C [24] before a pressure of 165.5 MPa was applied for 20 minutes. The 
plaques were then cooled at room temperature. The plaque dimensions were 5 cm length x 5 cm 
width x 0.5 cm thick. 
2.3. Characterizations 
2.3.1. Scanning electron microscopy (SEM)  
Philips EDX scanning electron microscope (SEM) was used to analyze the morphological analysis. 
To study the graphene nanoplatelets morphology , 10 mg of the sheets was dispersed in 10 ml of 
acetone, and the solution was sonicated for 30 minutes.  Cross sections of the composite samples 
after tensile testing was studied by using SEM which investigate the dispersion of the graphene 
nanoplatelets in the polymer matrix.  SEM was used (3KV) with high vacuum and different 
magnifications.  The images were collected without coating the samples.  
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2.3.2. Transmission Electron Microscopy (TEM)  
The C-GNPs were mixed with acetone and sonicated for 30 minutes. A drop was coated onto a 
copper grid and placed in a high resolution transmission electron microscope (FEI TECNAI TF 20, 
200 kV), which was used to explore the morphology of the GNPs.  
2.3.3. Thermal Properties 
2.3.3.1. Thermogravimetric Analysis (TGA) 
The thermogravimetric analysis (TGA) of the C-GNPs/LLDPE composites was conducted using a 
Perkin Elmer 6 under a nitrogen atmosphere from ambient temperature to 700 °C at a heating rate 
of 10°C/minute. The pellets were heated under nitrogen atmosphere. 
2.3.4. Electrical conductivity 
A Keithley electrometer (Model 2400) was used to measure the electrical conductivity using the 4 
point probe method. Compression molded samples were used in this test. The upper and lower 
surfaces of the 5 cm × 5 cm plaques were coated with a conducting silver paint to ensure intimate 
contact between the  composite  surfaces and electrodes. The electrical conductivity (σ) of the 
sheet was calculated according to the following formula: 
σ= t / ( R v × A )  
where t and A are the thickness of the sheet and effective area of the measuring electrodes, 
respectively, and R is the resistance of the sample. 
2.3.5. Thermal Conductivity  
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The thermal conductivities of the C-GNPs/LLDPE composites were measured using a Hot Disk 
(Sweden TPS 2500S instrument). The sample dimensions were 5 cm x2.5 cm with thicknesses of 
0.5 cm. 
2.3.6. Mechanical Testing 
The tensile properties of the LLDPE/C-GNPs composites were measured using a universal tensile 
testing machine at room temperature according to ASTM D638-10.  Five samples were tested for 
each composition, and the average value is reported. 
2.3.7. Melt Flow Index 
The melt ﬂow index was measured using a Melt Flow Indexer LMI 4004 machine according to 
ASTM D1238-10. 
3. Results and Discussion 
3.1. SEM and TEM analysis of graphene nanoplatelets 
The  morphology of the C-grade graphene nanoplatelets  was examined using SEM and TEM at 
different magnifications. SEM micrographs of the C-GNPs powder are  presented in Figure 2(a), 
and they show that the C-GNPs were in an agglomerated state.  
Graphene nanoplatelets that were sonicated in acetone and dried at room temperature are shown in 
figure 2(b). Multiple graphene sheets in folded or stacked configurations are observed in this 
image. 
Figure  2(c) shows that the graphene sheets were folded or overlapped. A higher magnification 
TEM image of a graphene sheet is shown in Figure  2(d). These elongated sheets can help achieve 
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higher conductivities [25] in the polymer compared to spherical or elliptical fillers because they 
form a better conducting network.   
3.2. Thermal Properties 
3.2.1. TGA 
The TGA results are shown in Figure  3. The results show the changes in the degradation 
temperatures across all of the samples. LLDPE begins to degrade at a low temperature, whereas 
degradation of the graphene nanocomposites  is delayed to degrade at higher temperatures due to 
the protection produced by the graphene  in the polymer. 
As observed from the curves, the degradation peak temperature increases with increasing filler 
loading in all cases, suggesting that graphene acts as an effective thermal barrier.  The LLDPE 
nanocomposite with 10 wt% C-GNPs has a higher thermal stability than the  rest of the  graphene 
composites. The graphene nanoplatelets prevent the emission of small gaseous molecules, disrupt 
the oxygen supply during the thermal degradation and cause the formation of charred layers on the 
surface of the nanocomposite. 
Graphene nanoplatelets are likely to act in a similar manner to the addition of nano clays and 
minerals to polymers  [26-27] , i.e., causing the formation of charred layers on the surfaces of the 
composite and disrupting the oxygen supply to the material underneath. Similar results were 
observed by other researchers in the literature. Graphene increased the thermal stability of PHBR 
matrices [28]  and increased the thermal stability of PP [29] .The thermal stability of PS 
nanoparticles was improved by the addition of graphene and increased with the graphene content 
[30] .  
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Increasing the extruder speed increases the degradation temperature, which is likely due to better 
dispersion of the C-GNPs at the higher shear rate, hence  the formation of a better barrier layer.  
3.3. Electrical Conductivity 
The electrical conductivities of the C-GNPs/LLDPE composites are shown in Figure  4(a). The 
results show a considerable increase in the electrical conductivity as the C-GNP content increases, 
which is a confirmation of the impact of  addition of the carbon family to  polymers, as concluded 
by other studies [28,31] . The electrical conductivity of LLDPE is 2.14 x10-11 for 50 rpm, 2.81 x10-
11 for 100 rpm and 9.2 x10-11 for 150 rpm. The high electrical conductivity of the C-GNPs converts 
the LLDPE insulator to an electrical conductor. Schematic diagram for electrical conducting 
networks in LLDPE/C-GNPs is shown in figure 4(b) which describes the mechanism whereby 
graphene formed a conductive network in nanocomposites.   A. S. Luyt et al. [32] observed the 
same behavior of increasing conductivity for LLDPE after the addition of copper. The GNPs in the 
LDPE composites extruded at speeds of 50, 100 and 150 rpm have the following values for the 4% 
GNP content: 9.36 x10-08, 2.9 x10-08 and 3.94 x10-07 S/m respectively.  As a comparison,   a carbon 
black (CB) content in HDPE  of less than 6%  [33]  results in a value less than 10-9 S/m. The 
conductivity reaches 8.94x0-05 for 10% graphene at 150 rpm in our case. 
In general, the composites made at 150 rpm exhibit a slightly higher electrical conductivity than 
those made at 50 and 100 rpm, especially at C-GNP concentrations of greater than 4% in the 
matrix. This result will be shown later in the SEM photos, which shows that, at 4% filler content, 
the graphene nanoplatelets have good dispersion compared to other wt% of the C-GNPs 
composites.  
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Low concentrations and poor dispersion may lower the conductivity at low wt% of C-GNPs, this is 
also reported by Kim et al.  [22] who showed local enhancement of electrical conductivity due to 
better dispersion of the graphene and the formation of interconnected network in the material.   As 
the amount of C-GNPs in the polymer increases  more electron paths in the composite are created. 
The composites made at 150 rpm exhibited better electrical conductivities than the samples made 
at 50 and 100 rpm. The ANOVA tests (which will be discussed later) showed no significant 
relationship with the speed, even with the high value achieved at 150 rpm. The increase in the 
electrical conductivity may be attributed to the restriction of the additives in the amorphous parts 
of the polymer [32]. Increasing the speed of the extruder results in a lower viscosity of the 
polymer, as shown by the MFR test, and better dispersion of the C-GNPs. Higher speeds and shear 
rates are expected to cause more homogeneous distribution of the fillers, which cause good transfer 
of the electrons. 
3.4. Thermal Conductivity 
The thermal conductivities of the C-GNPs/LLDPE composites are shown in Figure 5. The 
presence of crystalline C-GNPs is expected to enhance the heat transfer at the interface between 
the C-GNPs and the LLDPE [17], the thermal conductivity increased with the addition of the C- 
GNPs (with the increase in the wt%).   
The extruder speed has a pronounced effect on the thermal conductivities of the composites with 
the highest speed having the greatest positive effect, which is likely due to a better dispersion of 
the C-GNPs at the higher shear rates. The C-GNPs form a conductive network in the LLDPE 
matrix, allowing for increased thermal conductivity in the LLDPE. The poor thermal and electrical 
conductivities inherent to pure LLDPE are enhanced by adding graphene to the polymer in the 
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LLDPE graphene nanocomposites.  Filler loading and dispersion in the LLDPE change the thermal 
conductivity of the polymer composites.  In the range between 1 and 4% wt C-GNPs, the thermal 
conductivity increases slightly because the amount of C-GNPs form a broken system  in the 
LLDPE matrix. Interfacial thermal resistance between the C-GNPs filler and LLDPE matrix are 
expected at these low percentages of the additives. As the wt% of the C-GNPs in the polymer 
matrix increases, the thermal conductivity also increases. Thus, the 10 wt% sample has the highest 
thermal conductivity out of all of the C-GNPs/LLDPE composites. 
Graphene fillers, which have high aspect ratios and high surface area  can be arranged in unbroken 
systems/ paths  in the polymer matrix and have better enhancement of the thermal transfer [17,34].   
Phonons are important factors  in the heat conduction of the solid materials. Thermal conductivity 
of LLDPE/C-GNPs composites was increased because of the  phonon conduction mechanism. 
Generally, adding highly conductive fillers to a polymer increases the thermal conductivity of the 
composites. Thermal conductivity as well as other thermal properties depend on properties of both 
the additives and the matrix [17,35]. At low wt%, the fillers in LLDPE are in isolated states. 
However, when the filler is greater than the percolation threshold of 4 wt%, the fillers aggregate 
and can arrange unbroken paths for the thermal conductivity.  More increase in the wt% of  the 
fillers, can arrange more paths and increase the network [17,36].  
3.5. Tensile Properties  
The tensile strengths of the LLDPE/C-GNPs materials are shown in figure 6(a) . For the 50 rpm 
sample, the tensile strength increases by 20.3 %  at a 4 wt% loading of C-GNPs and then falls off 
to a value lower than the virgin LLDPE at a loading of 10 wt%. The 100 rpm material increased by 
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6.8%  at 2 wt% loading before falling off to the same level as the 50 rpm material at 10wt%.  At 
150 rpm, there is an increase in tensile strength of 47.3% at a loading of 4 wt% C-GNPs.  
The tensile strength then falls off dramatically to the same level as the 50 and 100 rpm materials at 
10 wt% loading of C-GNPs. The speed effect analyzed using ANOVA (shown in the last part of 
this paper) showed that there is no significant effect of the speed on the tensile strength even 
though a published work showed that an enhancement can be achieved in the tensile properties at 
fast flow and high shear rates [37]  due to a decreased residence time. 
It appears that the ability of the extruder to break up agglomeration (figure6 (b)) is diminished 
severely at loadings of C-GNPs greater than 4 wt%. The agglomerates act as stress concentrators 
and reduce the tensile strength. The main reason for the high tensile strength at 4% of C-GNPs 
loading is the good dispersion and may also be attributed to the possible ordered C-GNPs 
distribution in the LLDPE matrix. This ordered distribution will be shown in the SEM 
micrographs.  
SEM images (figure 7) are used to clarify the reinforcement mechanism and load transfer from the 
LLDPE to the graphene. Strengthening mechanism of the nano composites was examined by using 
SEM images which were taken after fracture from tensile test.  
The distributions for the lower (e.g., 1% of C-GNPs) and higher (10% of C-GNPs) samples are not 
well dispersed in the matrix, and agglomeration might occur at high concentrations which is 
possible due to the Vander Waals force of the nano sheets which are slipped during the tensile 
testing causing the decrease of mechanical properties of the composites.  SEM image of low wt% 
of filler reinforced composites clearly shown that the strong interface between the graphene and 
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the LLDPE polymer  which is an indication that tensile load is effectively transferred from the 
LLDPE to the graphene and also shows the uniform distribution of graphene [38]. 
The reader should be careful to not confuse the behavior of the electrical conductivity and the 
tensile strength because agglomeration cannot affect the electrical conductivity if there is at least 
one cluster of particles formed in the matrix [32]  and the electrons can move throughout the 
medium in a conductive path. Increasing the filler concentration increases the electrical conducting 
paths in the matrix [39] . 
3.6. SEM Analysis 
The SEM micrographs in figure   7 illustrate the shape of the samples after the tensile testing. 
Figure  7 (a) shows the ductility behavior of the pure LLDPE sample at 150 rpm.  All speeds have 
similar ductility behaviors (not shown). 
Adding C-GNPs causes the samples to be more brittle as shown in Figure  7 (b) to (j). The SEM 
photos show the good distribution of the 4% C-GNPs in the matrix at all speeds. This behavior was 
confirmed by the higher tensile strength results at this content level. The agglomeration for high 
wt% for fillers was reported elsewhere [40]. Various published work about the good dispersion of 
lower wt% of the additives in polymer composites were also reported [39, 41,42]. The 1% and 
10% C-GNP samples have more brittle behaviors as the samples have less stretched endings [43] 
compared to 4 wt%. Also the distribution is not perfect with more agglomeration after the addition 
of 10% C-GNPs. 
3.7. Melt Flow Index 
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Table  2 shows the melt flow rate (MFR) information for all of the samples.  The MFR is inversely 
proportional to the dynamic viscosity [44] .  The MFR decreases with the addition of C-GNPs, 
which is in agreement with the published literature [45,46] , where the incorporation of rigid fillers 
into a polymer matrix is shown to limit the molecular mobility and increase the material viscosity. 
Increasing the extruder’s speed causes the MFR to increase, which means a decreased molecular 
weight. This result is likely due to thermal degradation of the polymer and chain scission [47] . 
The impact of increasing extruder speed on the flow properties of the composite becomes less 
pronounced as the graphene loading increases because the high additive loading becomes more 
dominant as a mobility limiting factor than the speed effect. 
3.8. Analysis of variance (ANOVA) 
 In this paper, a two factor analysis of variance without replication was used to evaluate the 
significance of the graphene addition and extruder speed on the properties of the composites. The 
significance level (α) employed in this investigation is 0.05. The F-tests were performed at a 
confidence level 95%. The results are shown in Table  3. 
The P-values for the degradation temperature,  and thermal conductivity are less than the 
significance level (0.05) for both the graphene percentage and the speed. The F values are greater 
than F-critical for the same parameters. Therefore, both the speed and the percentage of added 
graphene are significant for the above properties. 
For the effect of graphene addition on the electrical conductivity and tensile strength, the P-values 
are less than 0.05, and the F-values are greater than F-critical, which suggests that the addition of 
graphene has a significant effect on these two properties.  
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For the speed, the P-values for the tensile strength and electrical conductivity are greater than 0.05, 
and the F-values are smaller than the values of F-critical. This result show that there is no 
significant relationship between these two properties and the speed of the extruder. 
4. Conclusions 
The effects of graphene nanoplatelets and extrusion speed on the physical and mechanical 
properties of LLDPE were studied. Enhancements of the electrical and thermal properties were 
achieved as the percentage of added C-GNP increased. The thermal conductivity improved 
significantly at the highest screw speed of 150 rpm, but the speed is not a significant factor in  the 
electrical conductivity. This improved thermal conductivity result is likely due to the better 
dispersion of the C-GNPs, which results in the formation of more conductive networks. The 
thermal stability was also enhanced   by the addition of the C-GNPs. The tensile strength increased 
with the addition of C-GNPs up to a loading of 4 wt%. At loadings greater than 4 wt%, even the 
highest screw speed was unable to break up the agglomerates, which act as stress concentrators 
and reduce the mechanical performance. The MFR decreased with increasing C-GNP content and 
decreased with the extruder speed due degradation of the polymer and chain  scission. 
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